I n 1966, F. A. Cotton defined the term metal atom cluster compound as 'those containing a finite group of metal atoms which are held together entirely, mainly, or at least to a significant extent, by bonds directly between the metal atoms even though some non-metal atoms may be associated intimately with the cluster' 1 . Meanwhile, the term cluster has been expanded, describing various ensembles of bonded atoms (both metal and non-metal) or molecules, thus including compounds such as the boranes and carboranes 2, 3 , Zintl-like phases 4 , salt-like clusters 5 as well as metalloid clusters 6 . Among the many routes leading to metal atom cluster compounds, the reductive and anionic syntheses prevail: such clusters are typically electron deficient and have a strong demand for additional electrons that can be provided by reductants such as alkaline metals or through electron transfer reactions like disproportionations 6, 7 . Alternatively, aggregation can be achieved by applying strong donor ligands: for example, the carbene-mediated formation of the neutral P 12 non-metal cluster 8 . Though the different approaches have yielded a vast number of neutral and anionic cluster compounds, the redox-neutral synthesis of cationic clusters by low-valent cation aggregation has not been reported to our knowledge. Thus, univalent group 13 metal salts such aspartly hypothetic-M þ A -(M ¼ Al, Ga, In, Tl; A ¼ Cl, [AsF 6 ], [Al(OR F ) 4 ] with R F ¼ C(CF 3 ) 3 ) could in principle aggregate, yielding the electron precise [M 3 ] 3 þ (A -) 3 cluster salt ( Fig. 1,  right) .
The simple M þ Cl -salts however, are prone to disproportionate to elemental M 0 and M 3 þ (Cl -) 3 , due to the high and favourable lattice energies of MCl 3 (Fig. 1, left) . Thus, AlCl is only known as a gas phase molecule 9 , and a hypothetic salt Al þ Clwould disproportionate to elemental Al 0 and AlCl 3 (solid-state reaction enthalpy D r H°(solid) ¼ -396 kJ mol -1 , cf. Born-HaberFajans Cycle (BHFC), Supplementary Fig. 9 ). For the heavier element indium on the other hand, the oxidation state þ 1 is more favourable due to inert pair effects 10 and the known salt In þ Cl À (refs 11,12 ) is stable towards disproportionation by þ 31 kJ mol -1 (BHFC, Supplementary Fig. 9 ). Yet, the alternative formation of the metal atom cluster [M 3 ] 3 þ is hampered by the lower lattice energies of [M 3 ] 3 þ (A -) 3 compared with M 3 þ (A -) 3 and, most of all, the very distinct Coulomb repulsion (Fig. 1,  right) . Thus, a gaseous triangular [M 3 ] 3 þ cluster would Coulomb-explode, releasing þ 1,544 kJ mol -1 Coulomb energy at a typical M À M distance of 270 pm. The cluster formation, however, becomes favoured for larger anions A À : that is, the difference of the estimated lattice enthalpies (D latt H°) of the In 3 þ (A À ) 3 14 , 'GaI' (refs 15,16) and metastable, donor stabilized Ga I Cl solutions 9 are important milestones and to this day used as starting material for further Ga I chemistry: for example, arene- 17 19, 20 of Ga I , or metalloidal gallium clusters 7 . In addition, the neutral Ga I -Cp/Cp* complexes as well as the galla-NHC analogues have been applied as ligands for transitionmetals 21 . Due to the strongly coordinating halide anions, however, Ga I [Ga III X 4 ] and 'GaI' are prone to com-and disproportionation reactions 15, 17 . Donor-free Ga I Cl and related compounds are only accessible at very low temperatures using elaborated matrix isolation techniques 9 . Simple indium halides In I X (X ¼ Cl, Br and I) 11, 12, 22 4 ] À salts mainly with 2,2'-bipyridine (bipy), but also with the bipy-relative 1,10-phenanthroline (phen).
Results
Orienting quantum-chemical calculations. In contrast to the anionic chelating N-ligands for univalent gallium and indium, for example, guanidinates 35 , diazabutadienes 19, 20, 36 , b-diketiminates 20, 37 or tris(pyrazolyl)hydroborates (Tp) 38 , neutral N-ligands, like pyridine derivatives, were shown to only stabilize the þ 1 oxidation state of indium 39 , but not of gallium 40, 41 . 4 ] À (1), however, we were able to isolate the first gallium(I) complexes with simple N-ligands, such as pyrazine and di-tertbutylmethylpyridine 32 . To expand the scope to neutral chelating N-ligands, we investigated the thermodynamics of potential ligand exchange reactions of the [M(C 6 H 5 F) 2 ] þ complexes (M ¼ Ga, In) and 1 to 3 equivalents bipy. All turned out to be exothermic/exergonic by at least À 146 kJ mol -1 (Supplementary Table 9 ). Thus, it appeared interesting to test the reactions. 4 ] À with bipy. On mixing colourless solutions of 1 and bipy (2.00 eq) in ortho-difluorobenzene (o-C 6 H 4 F 2 ), an unexpected distinct change in colour towards moss-green was observed ( Supplementary Data 1-7) . To promote crystallization, the reaction mixture was concentrated by slowly removing the volatiles under reduced pressure. During this process, the formation of a black precipitate was observed, while the colour of the solution remained green. Applying C 6 H 5 F as (Fig. 3) . Both, the isotropic g-value (g iso ¼ 2.0024) being close to that of the free electron and the low g anisotropy [7a] speak in favour of a ligand-centred spin system. This assumption is further supported by the low hyperfine coupling constant A( 69 Ga) ¼ 21 MHz, thus being in good agreement with studies by Kaim et al. 47 and clearly differing from the above mentioned metal-centred spin system [Ga II {B(N(C 6 H 3 -2,3-iPr)CH) 2 45 .
Reaction of [Ga
Furthermore, we applied density functional theory (DFT) calculations to compute the singly occupied molecular orbitals (Fig. 2, inset) and the spin density of 3 2 þ (Fig. 3, inset) . We chose (12) and C3 À C4 ¼ 148.6(7), C5 À C6 ¼ 148.6(7). The earlier reported [Ga(bipy) 3 ] 3 þ complex features a slightly longer average Ga À N bond length of 206.4 pm (cf. 205.5(4) pm for 3 2 þ ) and a slightly shorter average C 1,3,5 À C 2,4,6 bond length of 147.9 pm (cf. 148.8(9) pm for 3 2 þ ) 40 . The [Al(OR F ) 4 ] -anions and all of the hydrogen atoms were omitted for clarity. The thermal ellipsoids are set at 50% probability. An alternative presentation, featuring ellipsoids for all atoms, is included in Supplementary Fig. 6 . As an inset, the figure also includes the B3LYP/SV(P) level frontier and singly occupied Kohn-Sham orbital (SOMO) of 3 2 þ , electron density cutoff at 0.04 a.u. The calculated distances of the latter are in good agreement with the experimental results (bond lengths in pm, similar label scheme):
Yet, and more importantly, the SOMO is primarily located on the bipy ligands, thus speaking for a [Ga III {(bipy) 3 
Applying the BHLYP/SV(P) level of theory, the SOMO is solely located on one bipy ligand, corresponding to a [Ga 3 þ (bipy) 2 (bipy) Supplementary Fig. 7 ). The calculated distances of the latter are in inferior agreement with the experimental results and therefore 3 2 þ more likely corresponds to the [Ga III {(bipy) 3 B 0 / mT
. X-band continuous wave EPR spectrum of a solution of 3 in o-C 6 H 4 F 2 (1 mM) (black trace; recorded at room temperature, microwave frequency 9.861 GHz, magnetic-field modulation amplitude 0.1 mT, microwave power 2 mW) and the corresponding spectral simulation (red trace). The measurement and its spectral simulation exhibit an isotropic gallium dominated resonance with a g-value (g iso ) of 2.0024 and a hyperfine coupling constant of A( 69 Ga) ¼ 21 MHz, thus supporting an isotropic spin density of o1.0% on the gallium atom and a ligand-centred spin system, while the exact whereabouts of the radical in the ligand backbone could not be identified. The A( 69 Ga) value strongly deviates from the theoretical hyperfine coupling constant of an isolated 69 Ga atom (A( 69 Ga) ¼ 12210 MHz) 68, 69 . In addition spectra were obtained from frozen solutions of 3 in C 6 H 5 F or o-C 6 H 4 F 2 and both show a weak g anisotropy ( Supplementary Fig. 4 ). As an inset, the figure also includes the DFT calculated spin density of 3 2 þ (cutoff at 0.003 a.u., B3LYP/SV(P) level). With a distribution of 3.0% on the gallium atom and 97% on the bipy ligands, the latter corresponds to a [Ga III {(bipy) 3 } K ] 2 þ complex, thus being in very good agreement with the EPR results. An alternative modelling at the BHLYP/SV(P) level yielded a spin density distribution of 1.3% on the gallium atom and 98% on one bipy ligand ( Supplementary Fig. 7 ), suggesting a formulation as [Ga 3 þ (bipy) 2 (bipy)
Yet, a distribution of the spin density on all three ligands seems to be more likely as the calculated C À C and In À N bond lengths of the [Ga III {(bipy) 3 ARTICLE the hybrid B3LYP/SV(P) method, as it yielded good agreements between calculated and experimental bond lengths of 3 2 þ (Fig. 2) , and the main absorption maximum (l max ) in measured (302 nm) and simulated (296 nm) ultraviolet-visible spectra ( Supplementary Fig. 5 ). These bands are reminiscent of the absorption of the related [Ru 3 þ (bipy) 2 (bipy)
Beyond featuring a similarly distorted octahedral coordination mode as its single-crystal congener, the singly occupied molecular orbitals of the geometry-optimized 3 2 þ is solely located on the bipy ligands ( Fig. 2) and only 3.0% of the spin is located at the gallium cation (Fig. 3) . Overall, the experimental results (X-ray powder diffraction, EPR and ultraviolet-visible) and the DFT studies are in very good agreement and clearly assign a [Ga III {(bipy) 3 4 ] À (2) with bipy. While the isolation of single crystals from highly concentrated, yellowish solutions of 2 and bipy (2.00 eq or 1.63 eq) in C 6 H 5 F was straightforward, the composition of the obtained crystals depended on the amount of bipy employed as well as the crystallization procedure. Overall, we were surprised not to isolate any of the predicted [In(bipy) [1] [2] [3] 4 ] À } 4 (6) . As above, the direct interaction between the cationic clusters and the [Al(OR F ) 4 ] À anions is negligible and the latter are therefore not shown in Fig. 4 . For the synthesis of 4, 2.04 equivalents of bipy were applied. In 4 3 þ , each In I cation is coordinated in a distorted octahedral fashion, or in other words, three tetragonal pyramidal N-coordinated [In I (bipy) 2 ] þ fragments interact with each other, thus forming the observed triangular cationic In I cluster. While the In1 À In2 and In1 À In3 bond lengths are very similar (266.07(4) and 266.98(5) pm, respectively), the In2 À In3 distance is elongated by 11-12 pm. All three distances are well within the sum of the van der Waals radii 42, 43 (386 pm) and among the shortest compared to the manifold of reported organometallic and inorganic compounds that feature In À In bonds (Table 1 and Supplementary Table 15) .
Reducing the amount of bipy from 2.00 to 1.63 equivalents, we obtained compound 5. Though the molecular structure of 5 3 þ resembles the one of 4 3 þ , one bipy ligand now acts as bridging N-ligand between two In I cations, thus resulting in a more twisted arrangement of the two pyridine rings. These findings are likely attributable to the reduced amount of bipy employed and correspond well with the stoichiometry of the reaction (cf. '(5 bipy ligands)/(3 In I cations)E1.67'). Hence, only In2 is coordinated in a distorted octahedral fashion, while In1 and In3 are coordinated in distorted trigonal bipyramidal fashions. The very short In À In bond lengths (Table 1) (Table 1 and Supplementary  Table 15 ).
Overall and despite the vast literature on compounds containing In À In bonds, the cationic molecular and univalent structures of 4, 5 and 6 are unique. Somewhat related to 6 is the [In 4 {Cp 2 Mo 2 (CO) 4 26 Herein, the In I cations form a similar rhombic arrangement, but with intermetallic distances that are at least 60 pm longer (shortest In À In distance: 348.2 pm). These findings must be due to the different ligand system, as the group used the same [Al(OR F ) 4 ] -anion: that is, the interactions seem to be weakly dispersive rather than covalent. The remaining known 4 ] -anions and all of the hydrogen atoms were omitted for clarity. The thermal ellipsoids are set at 50% probability. An alternative representation, featuring ellipsoids for all atoms, is included in Supplementary Fig. 6 . cationic compounds are purely inorganic (cf. Supplementary Table 15 ) and while some of them feature similar In-In bond lengths, their chain-like substructures differ significantly. Though featuring a related geometry, the reported anionic triangular cyclogallanes differ in their electronic structures: that is, they are only accessible via reductive routes and feature delocalized electrons, resulting in a 2p-aromatic stabilization 54 2 ] þ complexes (N-ligand ¼ bipy, phen), thus resulting in two two-electron three-centre (2e3c) bonds (Fig. 5b) .
Apart from 7, the reaction mixture also contained small amounts of a second type of single crystals, which, being colourless and not yellowish, surprisingly corresponded to the [(phen) 2 and D r G°(gas) ¼ À 24/ À 36 kJ mol À 1 for the formation of this gaseous dication (!) at 298.15 K, 1.0 bar, BHLYP/SV(P) and B3LYP/SV(P) level). Yet, multi-charged species in the gas phase are subject to strong repulsion and Coulomb explosion (v.s.). Thus, the surprisingly favourable D r H°(gas) and D r G°(gas) values for the formation of 8 2 þ are probably attributable to the high Lewis basicity of the [In I (phen) 2 ] þ complex. Fig. 6 contains the singlecrystal structure as well as the highest occupied molecular orbital of the converged calculated 8 2 þ structure. 58 . In the case of the mixed crystalline residue of 7 and 8, the 19 F NMR spectrum additionally featured the triplet of a triplet at À 113 p.p.m. assigned to C 6 H 5 F, which likely derives from 8 2 þ . Finally, the 1 H NMR spectra provided primary information on the stability of the obtained cationic complexes in solution: that is, the solution of 3 featured very weak and broad resonances due to the paramagnetic nature of 3 2 þ (cf. EPR studies). Solutions of 4, 5 and 6 featured multiplets attributable to solvated bipy, thus speaking for a fragmentation of the cationic indium clusters in solution. The solution of the crystalline residue of 7 and 8 yielded a complex multiplet pattern in the aromatic region, which likely is attributable to different fragments of both sets of single crystals. From the multinuclear NMR studies we suggest that the cationic In I clusters are unstable in solution, while the [Al(OR F ) 4 arenes and diazabutadienes have proven to be non-innocent 61 , thus promoting electron transfer reactions and a more easy access to the triplet states of the complexes 62 (Fig. 7) .
From an energetic point of view, the singlet-triplet route appears to be more conceivable, as the singlet-triplet gaps are distinctively smaller than the corresponding 4 s/5 s-4p/5p energy gaps (Table 2 ; cf. DFT studies by Macdonald et al. 63 ). In addition and considering the distribution of spin densities, the triplet states of the [M(bipy) 2 ] þ complexes offer important insights into the metal-dependent redox stabilities: that is, for gallium the tetrahedral [Ga 3 þ {(bipy) K À } 2 ] þ complex forms and for indium the tetragonal pyramidal [In 2 þ (bipy)(bipy) K À ] þ complex. Hence, only the latter should be able to stepwise cyclotrimerize, while the former is labile and disproportionates. In this context, the choice of the redox-active ligand is crucial and for indium, bipy seems to be the perfect match as it enables reversible, single electron transfers between the metal centre and the ligand, thus making way for the stepwise cationic metal atom cluster formation. For gallium, this is not the case and the bipy-located electrons are prone to intermolecular rather than intramolecular transfer reactions, resulting in a disproportionation of the [Ga(bipy) 2 ] þ complex 64 .
Finally, we attempted to calculate the molecular structures of 4 3 þ , 5 3 þ and 6 4 þ . Though we implemented the conductor-like screening model 65 with an infinite permittivity and dispersive interactions (D3), the cationic In clusters fragmented due to the distinct Coulomb repulsion. However, we were able to calculate dicationic cluster fragments in their triplet state, such as [(bipy) 2 In À In(bipy) 2 ] 2 þ (Fig. 7, inset) . With an average spindensity distribution of 32% at each indium atom, the latter could be seen as a reaction intermediate of the univalent indium clusters, thus supporting a stepwise cluster formation (for further dicationic cluster fragments see Supplementary Fig. 10 ). Furthermore, we assessed the gas-phase thermodynamics (D r H°(gas), Table 3 ) of the formations of 4 3 þ , 5 3 þ and 6 4 þ from BHFCs and setting D r H°(solid) in a worst-case scenario to ± 0 kJ mol À 1 (Supplementary Fig. 8 ). The endothermic values are attributable to the above mentioned Coulomb repulsion and very well correspond to the large exothermicity of the Coulomb (14)), av. In1 À N ¼ 231.2(9) (232.40 (10) (Table 3 and Supplementary Fig. 8 ). This is in agreement with single-point DFT calculations on the frozen conformation of solid (Table 2 ). Choosing reaction path (ii), the [M I (bipy) 2 ] þ complexes react via their triplet state. Dependent on the metal, the latter significantly differ in terms of geometries and localization of spin densities. Hence, the [Ga(bipy) 2 ] þ complex changes its coordination mode from tetragonal pyramidal in the singlet to tetrahedral in the triplet state and both unpaired electrons are equally distributed over the bipy ligands (spin density at the gallium atom ¼ 6.0%). These findings clearly speak for the tendency of the Ga I cations to disproportionate and also explain the complex's inability to form a di-/oligo-gallane. 44 The [In(bipy) 2 ] þ complex on the other hand, retains its tetragonal pyramidal coordination mode and 35% of the spin density is located on the indium atom, making a stepwise cyclotrimerization feasible (cf. the dicationic [(bipy) 2 In À In(bipy) 2 ] 2 þ cluster fragment shown). The conceivability of the reaction path directly correlates to the singlet-triplet gaps of the reactants ( Table 2 ). The Kohn-Sham orbitals shown were selected on localization of the electron density on the metal cations and the lowest possible energy (electron and spin density cutoffs at 0.06 and 0.01 a.u., B3LYP/SV(P) level; as shown in Supplementary Fig. 10 , the [(bipy) 2 In À In(bipy) 2 ] 2 þ cluster fragment only featured a spin density at the indium atoms, if the BHLYP functional was applied). Gas phase reaction D r H°(gas)
The D r H°(solid) values for all BHFCs were deliberately set to ±0 kJ mol À 1 , the D latt H°values calculated by applying the Jenkins generalized Kapustinskii equation 66 and all other enthalpies extrapolated from the given references ( Supplementary Fig. 8 ).
NATURE COMMUNICATIONS | DOI: 10.1038/ncomms9288 ARTICLE Discussion 4 salts. We are convinced that this is a general phenomenon, which could be used as a pathway to cationic metal atom cluster formation of subvalent metal cations in combination with strong but sterically accessible (chelating?) ligands.
Methods
General experimental procedures. All manipulations were performed using Schlenk or glove box techniques in an argon atmosphere (H 2 O and O 2 o1 p.p.m.). o-C 6 H 4 F 2 and C 6 H 5 F were dried over CaH 2 , distilled and had H 2 O contents below 5 p.p.m. (Karl-Fischer titrations) . Because the obtained compounds contain large amounts of fluorine in chemically very stable CF 3 groups, standard combustion analyses have proven to be incomplete. Characterizations of novel compounds were therefore done on the basis of single-crystal X-ray analysis and multinuclear NMR spectroscopy. As the highly symmetric and perfluorinated [Al(OR F ) 4 ] À anions are usually heavily disordered, prone to crystallize in superstructures (cf. compound 3) and, due to their bulkiness, able to add up to very large unit cells (the unit cell sizes of 6 and the protein Viscotoxin B are comparable, Supplementary Table 8) , processing of the crystal structure data were everything else than trivial. In this context, however, the quality of the data which were collected using a completely up to date crystallography is clearly well within the limits of accepted standards, thus allowing us to unambiguously identify all structures. Moreover, all compounds were reproduced from independent syntheses (apart from 5 and 6) and 4, 5, 6 and 7 intrinsically confirm the central structural triangular [In 3 ] 3 þ and rhombic [In 4 ] 4 þ motifs. Therefore, access to international facilities for better quality X-ray diffraction data were not sought for. Further details are included in the Supporting Information. Moreover, it was several times attempted to obtain ESI-MS data of the reported systems. As the ionic compounds are very sensitive however, no meaningful spectra were obtained-presumably due to oxidation and/or hydrolysis on the way to the ionization chamber (as very frequently encountered with our sensitive systems). Since the other investigations strongly suggested these multiply charged cations to only exist in the solid state, this method was not further pursued. Compound 3 was additionally characterized by EPR and ultravioletvisible measurements. The DFT calculations were performed at the BHLYP/SV(P) and B3LYP/SV(P) level of theory.
